The variety of biogenesis pathways for small nucleolar RNAs (snoRNAs) re¯ects the diversity of their genomic organization. We have searched for yeast snoRNAs which are affected by the depletion of the yeast ortholog of bacterial RNase III, Rnt1. In a yeast strain inactivated for RNT1, almost half of the snoRNAs tested are depleted with signi®cant accumulation of monocistronic or polycistronic precursors. snoRNAs from both major families of snoRNAs (C/D and H/ACA) are affected by RNT1 disruption. In vitro, recombinant Rnt1 speci®cally cleaves pre-snoRNA precursors in the absence of other factors, generating intermediates which require the action of other enzymes for processing to the mature snoRNA. Most Rnt1 cleavage sites fall within potentially double-stranded regions closed by tetraloops with a novel consensus sequence AGNN. These results demonstrate that biogenesis of a large number of snoRNAs from the two major families of snoRNAs requires a common RNA endonuclease and a putative conserved structural motif.
Introduction
Small nucleolar RNAs (snoRNAs) are found abundantly in the nucleolus of eukaryotic cells (reviewed by Maxwell & Fournier, 1995; Bachellerie et al., 1995; Tollervey & Kiss, 1997; Smith & Steitz, 1997) . They have been divided into two main families on the basis of conserved consensus sequences, the box C/D and the box H/ ACA families (Balakin et al., 1996; Ganot et al., 1997b ; the RNA component of RNase MRP being an exception). Most snoRNAs are implicated in site-speci®c modi®cation of nucleotides of the precursor of the ribosomal RNA (reviewed by Tollervey, 1996; Tollervey & Kiss, 1997; Smith & Steitz, 1997) : box C/D snoRNAs act as guides to direct speci®c 2 H -O-methylation of the pre-rRNA precursor (Cavaille et al., 1996; Kiss-Laszlo et al., 1996; Tycowski et al., 1996b) , while members of the box H/ACA family guide pseudouridylation of the pre-rRNA (Ganot et al., 1997a; Ni et al., 1997) .
Biogenesis of snoRNAs results from a range of different strategies, which re¯ects the variety of their genomic organization in different eukaryotic phyla (reviewed by Maxwell & Fournier, 1995; Bachellerie et al., 1995; Smith & Steitz, 1997; Tollervey & Kiss, 1997) . Metazoan snoRNAs are generally encoded within introns of a host gene (Liu & Maxwell, 1990; Leverette et al., 1992; Fragapane et al., 1993; Kiss & Filipowicz, 1993; Prislei et al., 1993; Tycowski et al., 1993 Tycowski et al., , 1996a . Biogenesis of the U15, U17 and U19 intron-encoded snoRNAs occurs by exonucleolytic trimming of the pre-mRNA or of the excised intron (Tycowski et al., 1993; Kiss & Filipowicz, 1993; . In the case of the U16 and U18 snoRNAs, processing is an alternative to splicing and requires endonucleolytic cleavage of the pre-mRNA prior to exonucleolytic trimming to the mature ends Prislei et al., 1993; Caffarelli et al., 1994) . In plants, snoRNAs are encoded by polycistronic clusters (Leader et al., 1994 (Leader et al., , 1997 . The processing of these polycistronic transcripts requires endonucleolytic cleavage (Leader et al., 1997) .
All the biogenesis pathways that have been described in metazoans and plants are present in the yeast Saccharomyces cerevisiae. In this species, most snoRNAs are transcribed from independent genes, a few are intron-encoded (reviewed by Maxwell & Fournier, 1995; Tollervey & Kiss, 1997) , and a case of a dicistronic transcript bearing the snR190 and U14 snoRNAs unit has been reported (Chanfreau et al., 1998; Petfalski et al., 1998) .
Intron-encoded snoRNAs are generally processed to the mature form by debranching of the excised intron and exonucleolytic processing to the mature snoRNAs by the Rat1 and the Xrn1 exonucleases (Petfalski et al., 1998) . However, a minor processing pathway of the intron-encoded U18 snoRNA has been described which involves endonucleolytic cleavage (Villa et al., 1998) . Processing of the dicistronic snR190-U14 precursor to the mature form requires a double endonucleolytic cleavage by the yeast ortholog of RNase III, Rnt1 (Chanfreau et al., 1998) , followed by exonucleolytic trimming to the mature 5
H ends by the Rat1 and Xrn1 exonucleases (Petfalski et al., 1998) . Therefore, these exonucleases are used both for processing of the intron-encoded snoRNAs and for processing of the dicistronic snR190-U14 precursor. In contrast, it is not known if the Rnt1 endonuclease is widely required for biogenesis of various yeast snoRNAs, or if its involvement in the processing of the snR190-U14 dicistronic snoRNA precursor is linked to the baroque genomic organization of this transcript.
Here we have searched for snoRNAs whose biogenesis is affected by disruption of the gene encoding the Rnt1 endonuclease, the yeast ortholog of bacterial RNase III (Abou Elela et al., 1996) . In RNT1 disruptants, 19 snoRNAs out of 44 tested show depletion of mature snoRNAs with an accumulation of precursors. snoRNAs affected belong to both families of snoRNAs (H/ACA or C/D), are encoded by monocistronic or polycistronic transcription units, but are not intron-encoded. In vitro, recombinant Rnt1 cleaves snoRNAs precursors within double-stranded regions often closed by tetraloops with the conserved sequence AGNN. Rnt1 cleavages probably serve as entry sites for further processing by exonucleases. These results demonstrate that biogenesis of several snoRNAs of various genomic organizations and which belong to the two major snoRNA families requires a common endonuclease.
Results
Biogenesis of a large subset of snoRNAs is severely affected by RNT1 disruption
The observation that Rnt1 directly processes the dicistronic precursor of the snR190 and U14 snoRNAs (Chanfreau et al., 1998) led us to investigate the possible involvement of Rnt1 in the biogenesis of other snoRNAs. We have shown that disruption of the RNT1 open-reading frame results in yeast cells with a signi®cant growth defect (Chanfreau et al., 1998) . The availability of such cells which are viable but disrupted for RNT1 allowed us to screen for other potential snoRNA targets of Rnt1. To this end, total RNAs were extracted from a wild-type yeast strain and from an isogenic strain disrupted for RNT1 (rnt1Á), and the level of snoRNAs was assessed by Northern blot, using (5 H -32-P)-endlabeled oligonucleotide probes speci®c for each snoRNA. The level of 42 yeast snoRNAs was tested by this procedure (Figure 1 and Table 1 ). Among these, 19 showed the phenotype expected for Rnt1 substrates: reduction of the mature snoRNA and accumulation of higher molecular mass species. snoRNAs affected by RNT1 disruption belong to both families of snoRNAs, the H/ACA family (snR36, snR43, snR46), and the C/D family (snR39b, snR40, snR41, snR47, Z2 to Z9).
An interesting correlation between the absence of the trimethylguanosine (TMG) cap structure on the snoRNAs and an effect of RNT1 deletion on the biogenesis of these snoRNAs was observed ( Table 1 ). The snoRNAs which have been shown to possess a TMG cap at their 5 H end are generally not affected by RNT1 disruption (Figure 1 and Table 1 ). Conversely, most uncapped snoRNAs which are not intron-encoded are strongly depleted in the Figure 1 . Northern blot analysis of various snoRNAs in isogenic wild-type and rnt1Á sister spores. Total RNAs from isogenic spores disrupted for RNT1 (Á) or wild-type (WT) were fractionated on 6% (w/v) sequencing gels and transferred to nylon membranes. Membranes were hybridized to oligonucleotide probes speci®c for each snoRNA (see Materials and Methods). M is the molecular mass marker (pBR322 digested with MspI and 5 H end-labeled by phosphate exchange reaction). The double band in the marker indicates the 238 and 242 nucleotides. For the snoRNAs not affected by RNT1 disruption, we checked that the size of the band detected by Northern blot was identical with the size described for this snoRNA (data not shown).
rnt1Á strain, with an accumulation of longer forms (Table 1) . The exception to this conclusion is U3, which is TMG capped and signi®cantly depleted in the rnt1Á strain. Because we observed only a slight accumulation of a species whose size corresponds to the unspliced precursor, the effect on U3 (whose encoding gene possesses an intron; Myslinski et al., 1990) suggests that the biogenesis defect observed for this snoRNA may be due to the indirect splicing defect observed in the rnt1Á strain. This splicing defect may be attributed to depletion of the U2 snRNA observed in vivo in the rnt1Á strain (Abou Elela & Ares, 1998; Chanfreau et al., 1997) . The same phenotype of mild depletion without strong accumulation of precursor was observed for the intron-encoded U24 snoRNA (Qu et al., 1995;  see Figure 1 ). In contrast, other intron-encoded snoRNAs (U18, Balakin et al., 1996; snR39, Bachellerie et al., 1995; and snR44, Balakin et al., 1996) were not affected.
In conclusion, 19 snoRNAs out of 44 tested show diagnostic phenotypes of Rnt1 substrates in the rnt1Á strain: moderate or strong depletion of the mature snoRNA and accumulation of higher molecular mass species. Depletion of mature snoRNAs indicated that the major biosynthetic route responsible for the production of these snoRNAs was inhibited by RNT1 deletion. This suggested that the higher molecular mass species which accumulate correspond to unprocessed or partially processed precursors. We therefore use the term`p re-snoRNAs'' to designate these high molecular mass species.
Accumulation of polycistronic snoRNA precursors in the rnt1Á Á Á strain
The search for snoRNAs affected by Rnt1 depletion revealed, in addition to the previously described snR190-U14 dicistronic transcript, two examples of polycistronic snoRNA transcription units. The ®rst example is a polycistronic cluster constituted by the Z2 to Z8 snoRNAs. The genes encoding the Z2 to Z8 snoRNAs are located in close vicinity within yeast chromosome XIII (see Figure 2A and accession numbers in Materials and Methods). Probes complementary to these snoRNAs detected very long species in the rnt1Á strain, the longer one being detected by all the oligonucleotide probes (indicated by an asterisk in Figure 2A , and data not shown). We estimated the size of the longer RNA to be about 1.6 kb using a Northern blot with better resolution (data not shown). Because this species is apparent with all the oligonucleotide probes hybridizing to the Z2 to Z8 snoRNAs, it is likely to correspond to an unprocessed polycistronic precursor bearing the Z2 to Z8 snoRNAs. Some probes also detected other bands 
The size, genomic organization (a minus sign indicates independent transcription units), and the presence () or absence (À) of a TMG cap is indicated for all snoRNAs. The size of the rnt1Á-speci®c species and the size of the 5 H extensions is indicated for snoRNAs affected by RNT1 disruption. In the case of snR190 and U14, the asterisks indicates that a detailed analysis of this substrate has been published (Chanfreau et al., 1998) .
snoRNAs Processing by Rnt1 of intermediate mobility between the higher band and the mature snoRNAs. These bands are likely to be partially processed RNAs, as in the case of the snR190-U14 dicistronic transcript (Chanfreau et al., 1998) . Because of the complexity of this genomic locus, this particular polycistronic transcript was not analyzed further in this study.
The second example is a tricistronic precursor carrying the snR41, snR70 and snR51 snoRNAs ( Figure 2B ). Searching the SGD database revealed that two snoRNAs, snR70 and snR51, are located very close to the snR41 gene on chromosome XVI (see Figure 2B ). This observation, and the fact that the precursor hybridizing to the snR41 probe is large (ca 700 nt, see Figure 1 ) suggested that snR41, snR70 and snR51 are co-expressed as a tricistronic precursor. To test this hypothesis, we synthesized oligonucleotide probes hybridizing to snR70 and snR51 and we hybridized these probes to Northern blots containing WT and rnt1Á RNAs. As expected, the level of mature snR70 and snR51 was greatly reduced in the rnt1Á samples, and a species of the same molecular mass as the one detected with the snR41 probe in Figure 1 was detected with both probes in the rnt1Á sample. This result provided convincing evidence that the snR41, snR70 and snR51 snoRNAs are co-expressed as a polycistronic precursor. Figure 1 . The genomic organization of the Z2 to Z8 encoding sequences along chromosome XIII is indicated, with the length of the spacers between each snoRNA mature sequence. The high molecular mass signal detected in the wild-type sample with the Z6 probe is due to cross-hybridization with the ribosomal RNA. The identity of the 123 nt RNA cross-hybridizing with the Z7 oligonucleotide probe in both wild-type and RNT1 (Á) samples is not known. The asterisk and the arrow indicate the position of the full-length polycistronic precursor. B, Detection of a tricistronic precursor containing the snR41, snR70 and snR51 snoRNAs by Northern blot in the rnt1Á strain (Á). RNAs from the wildtype or the rnt1Á strains were fractionated on a 6% sequencing gel, blotted onto a nylon membrane and the membrane probed with a 32 P-labeled oligonucleotide complementary to snR51 or snR70.
5
H -Extended snoRNAs accumulate in the rnt1Á Á Á strain
To determine the 5
H end of the pre-snoRNAs accumulating in the rnt1Á strain, we performed primer extension by reverse transcriptase on the snoRNAs affected by RNT1 disruption. The primer extension products obtained with RNAs extracted from the wild-type and the rnt1Á strain are shown in Figure 3 . This experiment allowed us to estimate approximately the length of the 5 H extensions of each pre-snoRNA present in the rnt1Á strain (Table 1) , albeit not at the nucleotide level. We did not map the 3 H end of these precursors. However, in most cases, the length of the precursors estimated by Northern blot is perfectly explained by the length of the 5 H extension determined by primer extension (see Table1) . We conclude that in most cases there is no signi®cant 3 H extension, and that an extension on the 5
H side of the pre-snoRNA is responsible for most, if not all, of the increased length of the pre-snoRNAs detected in the rnt1Á strain. This result is reminiscent of the snR190-U14 dicistronic transcript where we precisely mapped the 3 H end and no 3 H extension was found downstream from U14 (Chanfreau et al., 1998) .
Higher molecular mass species accumulating in the rnt1Á Á Á strain are TMG capped
Precursors of snoRNAs which accumulate in the rnt1Á strain are as abundant as the corresponding mature snoRNAs found in the wild-type strain (Figure 1 ). This abundance, and the fact that most pre-snoRNAs contain a 5
H extension but no extension at the 3 H end suggested that the 5 H ends of these pre-snoRNAs are protected against nucleases. Such protection could be offered by the presence of a TMG cap at the 5 H end of the pre-snoRNAs. To test for the presence of such a cap, we performed immunoprecipitations on total RNAs extracted from the wild-type or the rnt1Á strains. The mouse monoclonal antibody K121 directed against the TMG cap (Krainer, 1988 ) was used to immunoprecipitate total RNAs. The anti-hemagglutinin 12CA5 monoclonal antibody was used as a negative control because it is a mouse monoclonal antibody of the same subclass (IgG 1 ) as K121. After immunoprecipitation with the K121 or the 12CA5 antibodies and extensive washing, bound RNAs were extracted, fractionated on sequencing gels and revealed by Northern blotting and hybridization with oligonucleotide probes (Figure 4 ). The snR3 snoRNA was used as a positive control because it possess a TMG cap and its level is not changed in the rnt1Á strain (Chanfreau et al., 1998) . As expected, snR3 was ef®ciently immunoprecipitated by the anti-TMG antibody, but not by the control 12CA5 antibody, in both wild-type and rnt1Á samples (Figure 4 ). Probing the Northern blots with oligonucleotide probes complementary to snR36, snR39b, snR41, snR43 and Z9 revealed that the precursors of these snoRNAs were quantitatively immunoprecipitated by the anti-TMG antibody, but not by the control antibody in the rnt1Á sample (Figure 4 ). In contrast, the mature snoRNAs from the wild-type samples and the small amount of mature snoRNA found in the rnt1Á samples were not immunoprecipitated, in agreement with previous studies indicating the lack of Figure 3 . Primer extension analysis of snoRNAs affected by RNT1 disruption. Primer extension was performed on RNAs from the wild-type strain (WT) or from the rnt1Á strain (Á) using the same oligonucleotides used for Northern blots probing. After extension, cDNAs were loaded onto a 6% sequencing gel. M is the molecular mass marker (pBR322 digested with MspI and 5 H end-labeled by phosphate exchange reaction).
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TMG cap for the mature form of these snoRNAs (Samarsky et al., 1995; Balakin et al., 1996) . Similar results were obtained in the case of snR40, snR46 and snR47 (data not shown). Because the K121 monoclonal antibody shows a weak cross-reactivity with monomethylguanosine caps, and to rule out that the ef®cient immunoprecipitation we observed with the pre-snoRNAs was due to this cross-reactivity with a monomethylguanosine cap and not to a genuine TMG cap, we probed a Northern blot containing immunoprecipitated RNAs with a probe hybridizing to the RPL2A mRNA, which has a monomethylguanosine cap. Only 5% of this mRNA was immunoprecipitated (data not shown), showing that the almost complete immunoprecipitation observed with the presnoRNAs was due to the presence of a genuine TMG cap. This experiment suggests that the precursors of snoRNAs affected by RNT1 disruption possess a trimethylguanosine cap at their 5 H end, which may partially explain their abundance in vivo. More importantly, this experiment demonstrates that the 5 H ends of the precursors found in the rnt1Á strain correspond to the transcriptional start sites, and not to sites of a processing reaction occurring prior to Rnt1 cleavage in the biogenesis pathway.
Recombinant Rnt1 cleaves precursors of small nucleolar RNAs upstream from the mature snoRNA sequence
The presence of high molecular mass precursors and the concomitant depletion of mature snoRNAs suggested that cleavage by Rnt1 is required at some step of the processing pathway; in its absence, unprocessed or partially processed species accumulate. Therefore, we directly tested the ability of Rnt1 to cleave snoRNAs precursors. We ®rst focused our analysis on snoRNAs affected by RNT1 disruption, and which are likely to be encoded by monocistronic transcription units, because pre-snoRNAs observed in the rnt1Á strain contain only a small 5 H extension (snR36, snR39b, snR40, snR43, snR46, snR47 and Z9). To analyze the ability of Rnt1 to cleave snoRNA precursors, we systematically ampli®ed snoRNA sequences by PCR from genomic DNA with: (i) a forward primer containing a phage T7 RNA polymerase promoter and priming at the sequence corresponding approximately to the end of the 5 H extension previously mapped by primer extension, such that the 5 H end of the synthetic precursor corresponds approximately to the 5 H end of the natural precursor; and (ii) a reverse primer hybridizing ca 100 nt downstream from the 3 H end of the mature snoR-NA sequence ( Figure 5A ). This length was arbitrarily chosen because we did not have any in vivo data allowing us to determine rationally the length required on the 3 H side for proper processing. In vitro transcription of these PCR products yielded internally labeled synthetic pre-snoRNA precursors bearing 5 H and 3 H extensions ( Figure 5A ). The ability of Rnt1 to cleave these synthetic precursors was assessed by incubating the in vitro transcripts with a recombinant glutathione-S-transferase-Rnt1 fusion (GST-Rnt1; Abou Elela et al., 1996) . Incubation with buffer or with GST alone provided negative controls. Incubation of synthetic precursors of snR36, snR40, snR43, snR46, snR47 and Z9 snoRNAs with GST-Rnt1 ( Figure 5B , lane 3) resulted in each case in a cleavage pattern that was not observed upon incubation with the buffer only or with the GST (Figure 5B, lanes 1 and 2) . These cleavages were speci®cally due to Rnt1 activity because: (i) the recombinant GST-Rnt1 protein was prepared from an Escherichia coli strain devoid of RNase III (a kind gift from A. Nicholson); and (ii) the same cleavage pattern was observed upon a short incubation of the precursors in a wild-type yeast whole-cell extract ( Figure 5B , lane 4), but not in an extract made from an rnt1Á strain ( Figure 5B, lane 5) . Some minor cleavages were observed with the puri®ed enzyme but not with the wild-type extract (see snR36 and snR47, for example). We considered as genuine Rnt1 cleavage only the major ones that were observed with both the puri®ed enzyme and the wild-type extract. In conclusion, recombinant Rnt1 is able to speci®cally cleave synthetic pre-snoRNA precursors. The only exception to this conclusion is snR39b, for which incubation with GST-Rnt1 resulted in a ladder of degradation bands, although ef®cient cleavage was observed in wildtype whole-cell extracts, but not in rnt1Á extracts (data not shown). Variations in the RNA denaturation/renaturation protocol before incubation with Rnt1 did not improve this result (data not shown). Therefore, we did not pursue the analysis of this substrate.
To identify the Rnt1 cleavage sites within the pre-snoRNAs, we mapped them by primer extension ( Figure 6A ). After incubation with GST or GST-Rnt1, (5 H -32 P)-end-labeled oligonucleotides were annealed to the synthetic pre-snoRNAs and the primers were extended using reverse transcriptase. For each snoRNA, a reverse transcriptase stop present in the GST-Rnt1 lane but not in the GST lane is indicative of a cleavage by Rnt1. Sequencing ladders were obtained with the same 5 H endlabeled primers to precisely identify the sites of cleavage. Parts of the sequencing gels showing the cleavage sites of the six substrates analyzed are shown in Figure 6A . No reverse transcriptase stop speci®c for the sample treated with GST-Rnt1 was detected in other portions of the sequencing gels which are not shown. The location of the cleavage sites within the pre-snoRNAs is indicated in Figure 6B . In most cases, cleavage was located near the 5 H boundary of the pre-snoRNA precursor within a region showing a potential doublestranded structure, as predicted by the MFold program (see the Figure legend) . Cleavage was generally a concerted double cleavage occurring on opposite strands of the potentially double-stranded region ( Figure 6B ). Due to this double cleavage, the upstream cleavage sites were more dif®cult to map with a primer hybridizing downstream from the downstream cleavage site, because their identi®-cation relied on the low level of single cleavage at the upstream site. An interesting feature of the substrate structure is the presence in six cases of potential tetraloops with the consensus sequence AGNN at the tip of the potential hairpins (see below and the Discussion). The identi®cation of the cleavage sites explains the pattern of bands observed upon cleavage by Rnt1 in Figure 5B . In Figure 5 . Recombinant Rnt1 cleaves synthetic precursors of small nucleolar RNAs in the absence of other factors. A, Schematic structure of the precursors used for in vitro processing. B, In vitro cleavage of synthetic presnoRNA substrates by recombinant GST-Rnt1.
33 P-labeled pre-snoRNA transcripts were incubated in the following conditions: lanes 1, ten minutes at 23 C in Rnt1 buffer; lanes 2, ten minutes at 23 C in Rnt1 buffer with GST; lanes 3, ten minutes at 23 C in Rnt1 buffer with GST-Rnt1; lanes 4, three minutes at 23 C in a wild-type wholecell extract; lanes 5, three minutes at 23 C in an extract made from the rnt1Á strain. Processing conditions were as described (Chanfreau et al., 1998) . Products of the processing reactions were loaded onto a 6% sequencing gel.
snoRNAs Processing by Rnt1 Figure 6 . Mapping of the cleavage sites by Rnt1 in the precursors of small nucleolar transcripts. A, Mapping of the cleavage sites. Cleavage sites were mapped by primer extension on crude products of the in vitro processing reactions with GST (GST lanes) or GST-Rnt1 (Rnt1 lanes). Shown are the portions of the sequencing gels indicative of the sites of cleavage. The RNA sequence is indicated, but the sequences were obtained by double-stranded DNA sequencing on PCR products as described (Chanfreau et al., 1998) . B, Location of the cleavage sites within the snoRNAs precursors. snoRNAs precursors were folded using MFold (Zuker, 1994) on Michael Zuker's world wide web home page (www.ibc.wustl.edu/ $ zuker/nph-.cgi). The structures shown are present in at least the ®ve more stable structures. Arrows indicate the sites of cleavage by Rnt1. For snR46, we were not able to detect the upstream cleavage site (A). However, the cleavage pattern observed in Figure 5B is consistent with a double cleavage. Therefore, the hypothetical upstream cleavage site is indicated with a question mark. The Z9 hairpin is not capped by an AGNN tetraloop; however, an internal AGUU tetraloop could be topologically equivalent. all cases, the higher molecular mass cleavage fragments contain the mature snoRNA sequence with the remaining part of the 5 H and 3 H extensions after cleavage. Small cleavage fragments correspond either to the 5 H part of the pre-snoRNA synthetic transcript or to the RNA fragment between the two cleavage sites. In all cases, cleavage by Rnt1 was not suf®cient to give rise to mature snoRNA. Thus, processing to the mature form requires other enzymes, presumably exonucleases (Lafontaine & Tollervey, 1995; Petfalski et al., 1998) .
Rnt1 cleaves a tricistronic precursor to separate three snoRNAs from each other
The same strategy of in vitro cleavage was applied to the snR41-snR70-snR51 polycistronic transcript. We incubated a tricistronic synthetic precursor with GST, GST-Rnt1 and in wild-type or rnt1Á extracts ( Figure 7A ). This precursor contained the three snoRNAs, a 5
H extension corresponding approximately to the extension of the natural precursor determined by primer extension, and a 3 H extension of 159 nucleotides. Again, a speci®c cleavage pattern was observed upon incubation with GST-Rnt1 or in wild-type extracts, but not with buffer alone, GST or in rnt1Á extracts ( Figure 7A ). The cleavage sites were identi®ed by primer extension (Figure 7B ), and are indicated in Figure 7C . A double cleavage (a-a H ) is located on opposite strands of a potential stem closing the 5 H and the 3 H parts of snR41. Another double cleavage (b-b H ) is located within a potential hairpin closed by an AGUU tetraloop separating snR70 from snR51. Thus, two double cleavage by Rnt1 in the polycistronic precursor separate the three snoRNAs snR41, snR70 and snR51 from each other and from the 5 H TMG.
Discussion
Our results demonstrate that the yeast ortholog of RNase III is directly involved in the processing of a large subset of snoRNAs. In vivo, precursors of snoRNAs accumulate in the rnt1Á strain. In vitro, recombinant Rnt1 speci®cally cleaves synthetic precursors of snoRNAs. Rnt1 substrates belong to both major families of snoRNAs (H/ACA and C/D), and they are encoded by monocistronic or polycistronic transcription units. Rnt1 cleavage liberates snoRNA processing intermediates with 5 H and 3 H extensions whose further processing requires the action of other enzymes, presumably exonucleases. The compilation of the cleavage sites collected during this study indicated that most Rnt1 cleavage sites fall within double-stranded regions closed by tetraloops with the novel consensus AGNN. Thus, yeast RNase III is a common processing factor required for the biogenesis of several snoRNAs which belong to the two major functional families of snoRNAs.
Altered nucleolar RNA metabolism in a yeast strain disrupted for the RNA endonuclease Rnt1
Rnt1 was ®rst described as a double-strandspeci®c RNA endonuclease required for rRNA biogenesis, which was able to cleave the precursor of rRNA at two sites (Abou Elela et al., 1996) . Our results demonstrate that biogenesis of a large number of nucleolar RNAs is also affected in a strain disrupted for RNT1. Most of the strong snoRNA biogenesis defects observed in this strain are likely to be directly due to Rnt1 depletion, since we have shown that recombinant Rnt1 can directly process precursors of these snoRNAs in vitro. In contrast, some of the weaker defects observed may be indirect; for example, in the case of U3. The depletion of a large number of these snoRNAs in the rnt1Á strain may have important consequences for ribosomal RNA metabolism. For example, both U3 and U14 are affected by Rnt1 depletion (Chanfreau et al., 1998) and are directly involved in some cleavage events of the yeast pre-rRNA processing pathway (Li et al., 1990; Hughes & Ares, 1991; Beltrame & Tollervey, 1995; Liang & Fournier, 1995) . Thus, the functional consequences on rRNA biogenesis of depletion of these snoRNAs may be serious. However, we do not know if the pre-snoRNAs that accumulate in the rnt1Á strain retain any functionality. Their in vivo stability, combined with the fact that they are TMG-capped may suggest that they are incorporated into snoRNPs. An important issue in the future will be to determine if these precursors are functional, either in the case of their direct involvement on rRNA processing, or in the case of modi®cations of the prerRNA.
The rnt1Á Á Á strain as a potent tool for the detection of polycistronic snoRNAs transcripts in yeast One of the most striking phenotypes observed in the rnt1Á strain is the accumulation of unprocessed polycistronic transcripts bearing multiple snoRNAs. This phenotype allowed us to directly demonstrate that several yeast snoRNAs previously suspected to be expressed as polycistronic transcripts are indeed polycistronic, for example the snR190 and U14 snoRNAs (Chanfreau et al., 1998) , and the Z2-Z8 and the snR41-70-51 snoRNA clusters. Thus, the rnt1Á strain is a potent tool for the detection of polycistronic snoRNA clusters whose processing requires this endonuclease. In this regard, it is striking that the organization of snoRNAs in polycistronic arrays is limited to box C/D snoRNAs, and that no example of chimerical box C/D-box H/ACA polycistronic transcripts has been detected yet. It is, however, possible that we have missed some snoRNA polycistronic transcription units in our study. Firstly, we have not exhaustively screened the yeast genome. Some unpublished snoRNAs present in the SGD datasnoRNAs Processing by Rnt1 Figure 7 . Rnt1 cleaves a synthetic tricistronic precursor to liberate individual snoRNAs. A, In vitro cleavage of the tricistronic snR41-snR70-snR51 precursor by Rnt1. Legend as for Figure 5B . The identity of the bands is deduced from the size of these bands and from the location of the cleavage sites determined in B. Pre-snR41, pre-snR70, and pre-snR51 indicate the cleavage fragments containing the snR41, snR70, and snR51, respectively, with the corresponding 5
H and 3 H extensions generated by Rnt1 cleavage; 5 H -a corresponds to the 5 H part of the transcript up to the a cleavage site; b-b H correspond to the RNA fragment between the b and the b H cleavage sites. B, Mapping of the Rnt1 cleavage sites within the tricistronic precursor. Legend as for Figure 6A . C, Location of the cleavage sites within the tricistronic snR41 precursor. Legend as for Figure 6B .
base are encoded very close on the same chromosomes, making it likely that they are encoded as polycistronic precursors. This is the case for the snR53-snR67 snoRNAs, as well as for the snR57-snR55-snR61 snoRNAs that we have not examined by Northern blot. Secondly, it is possible that there are polycistronic transcription units whose processing does not require Rnt1 cleavage. In the cases of the snoRNAs that we have considered as monocistronic (snR36, snR39b, snR40, snR43, snR46 and snR47), the existence of a snoRNA upstream from them in the same precursor is unlikely because: (i) the corresponding precursors bear a TMG cap indicative of the start of transcription; (ii) their 5 H extension is relatively small; and (iii) the Rnt1 cleavage sites lie in the middle of this extension, which would not leave much space for another snoRNA. However, since these transcripts are correctly processed on their 3 H side, it is possible that other snoRNAs lie downstream from them on the same polycistronic transcripts but are processed by a mechanism that does not involve Rnt1 cleavage. Thus, we cannot exclude that some of these snoRNAs are transcribed as polycistronic precursors processed by another endonuclease. It remains that the function of Rnt1 as a processing enzyme of polycistronic transcripts is highly reminiscent of the prokaryotic RNase III, which also appears to process polycistronic RNAs (Court, 1993) . Endonucleolytic cleavage provides a mechanistic answer to the topological problem of the embedding of multiple RNAs within the same primary transcript. It is tempting to consider that Rnt1 function as a processing enzyme of polycistronic snoRNAs is also conserved in plants, where snoRNAs are very often encoded as polycistronic clusters (Leader et al., 1994 (Leader et al., , 1997 . The complete sequencing of the genome of Arabidopsis thaliana should provide an answer to the question of the presence of a putative RNase III related enzyme in plants.
Rnt1 cleavage is required for processing of numerous snoRNAs from two distinct families
Whatever the genomic organization of the snoRNAs affected by RNT1 deletion, the processing mechanism of all precursors that we have characterized appears to use the same strategy. Rnt1 cleavage liberates snoRNAs from each other within polycistronic transcripts, or from the TMG cap that protects the 5 H ends of the precursors against nucleases. Processing to the mature ends probably requires exonucleolytic trimming (Petfalski et al., 1998) . Thus, one of the roles of Rnt1 cleavage is to expose the end(s) of the processing intermediates generated by this cleavage to the action of exonucleases. The 5 H 3 3 H exonucleases involved in the trimming to the mature ends are possibly Rat1 and, to a lesser extent, Xrn1, since they have already been shown to function in the processing of intron-encoded snoRNAs and of the snR190-U14 dicistronic precursor (Lafontaine & Tollervey, 1995; Petfalski et al., 1998; Villa et al., 1998) . The exonuclease(s) involved in the 3 H 3 5 H trimming remain unknown and should be identi®ed in order to fully understand the complete processing pathways of snoRNAs. The availability of the rna82 mutant which accumulates 3 H -extended forms of snoRNAs (Lafontaine & Tollervey, 1995) should lead to the identi®cation of one of these activities. Processing of the 3 H end of most of the precursors probably occurs in the absence of Rnt1 cleavage, since most of the pre-snoRNAs detected in the rnt1Á strain bear no signi®cant extension on their 3 H side. Thus, 3
H processing is uncoupled from Rnt1 cleavage in most of the monocistronic precursors that we have studied here. Because a low level of mature snoRNAs is observed in the rnt1Á strain, it is likely that the enzymes responsible for these ®nal trimming steps are also able to completely process the full-length precursors, albeit much less ef®ciently. Finally, we ®nd it remarkable that box C/D and box H/ACA snoRNAs share a common enzyme in their processing pathways. The two families have distinct functions in rRNA metabolism, and associate with distinct snoRNPs (Balakin et al., 1996; Ganot et al., 1997b; Lafontaine et al., 1998) . We do not know if Rnt1 cleavage is an early step in the processing pathway, or if it occurs on precursors of snoRNAs that have already been packaged into snoRNPs. A two-hybrid screen using Rnt1 as a bait has revealed no interaction with snoRNPs (G. Rotondo & G.C., unpublished results), making it unlikely that Rnt1 cleavage occurs in the context of a large ribonucleoprotein complex. However, in the absence of a positive result, further studies are required to provide a de®nitive answer to that point.
A collection of Rnt1 cleavage sites reveals the presence of potential tetraloops with the consensus sequence AGNN at a defined position relative to Rnt1 cleavage sites
The in vitro cleavage experiments allowed us to double the number of known cleavage sites for eukaryotic RNase III (Figures 6 and 7) . Rnt1 cleavage occurs in regions showing a strong potential secondary structure, and cleavage is generally a concerted cleavage on opposite sides of the RNA duplex, in agreement with properties of the prokaryotic enzyme (Court, 1993) . No strongly conserved sequences are obvious around the cleavage sites, in agreement with the lack of conservation of sequences already detected in the prokaryotic substrates of RNase III (Chelladurai et al., 1991 (Chelladurai et al., , 1993 Zhang & Nicholson, 1997) . AÁU base-pairs are frequent around the Rnt1 cleavage sites, but it is dif®-cult to draw any conclusions, given the A-T richness of the yeast genome in intergenic regions. In contrast, a remarkable feature is observed in the pre-snoRNA substrates of Rnt1, with the presence of potential tetraloops with the consensus sequence AGNN located 14-17 bp from the cleavage site. This type of tetraloop is also present in non-sno-RNA substrates of Rnt1, the 3 H ETS of yeast rRNA snoRNAs Processing by Rnt1 (Abou Elela et al., 1996) , and the 3 H sequences downstream from yeast U5 and U2 snRNAs (Chanfreau et al., 1997; Abou Elela & Ares 1998) . In the case of the dicistronic snR190-U14 substrate, the optimal MFold folding did not reveal an AGNN tetraloop (Chanfreau et al., 1998) , but an alternative folding could be obtained which showed the presence of a potential AGNN tetraloop (data not shown). The only apparent exceptions are the 5 H ETS of rRNA, which is a poor substrate in vitro (Abou Elela et al., 1996) , and the cleavage site in the stem looping out snR41. Thus, a conserved potential structural element seems to be present in most Rnt1 substrates. Whether this structural conservation re¯ects a functional requirement is questionable. Preliminary studies indicate that mutations within the tetraloop of a model pre-snR47 substrate inhibit Rnt1 cleavage (G.C., unpublished data). Future detailed analysis of the kinetics of cleavage and of the structure of the mutant substrates should provide clues as to the role of this conserved element and as to the mechanism of substrate recognition by eukaryotic RNase III.
Materials and Methods

Oligonucleotides
Oligonucleotides were obtained from Genset (Paris, France). Oligonucleotide probes were designed using sequences published or deposited into sequence databases under the following accession numbers: snR3, K01091; snR4, U57010; snR5, M20763; snR8, M20764; snR9, M20765; snR10, X03372; snR11, U16691; snr13, U16692; snR30, X07673; snR31, X72299; snR32, L22434; snR33, L22435; snR34, L33802; snR35, L33803; snR36, L33804; snr37, U16693; snR38, U26013; snR39, U26011; snR39b, X94605; snR40, U26015; snR41, U26016; snR42, U56643; snR43, U56644; snR44, U56645; snR45, U56646; snR46, U56647; snR47, U56648; snR49 (Balakin et al., 1996) ; snR161 (RNA161; Olivas et al., 1997) ; snR189, X06430; U3a, X05499; U18, U12981; U24, Z48760; MRP (NME1), Z14231, S46371, S46791; Z2, Z69294; Z3, Z69295; Z4, Z69296; Z5, Z69297; Z6, Z69298; Z7, Z69299; Z8, Z69300; Z9, Z70300.
Sequences of the oligonucleotide probes are (5 H 3 3 H ): snR4 AAGGCCACGGCACAATCCAC; snR5 CTACTTC-CAGCCATTTGCGC; snR8 TAAGATGGCACAGTGAA-TAGAA; snR9 GAAAGTTCTATATAACAGAG; snR10 GGGTCAAGAACGCCCCGG; snR11 CTATATACGTC-CACCGCC; snR13 CCACACCGTTACTGATTTGGC; snR30 AGCGTTGAAAAACGTAGCCC; snR31 CAA-CGCCCATCAAACATCCG; snR32 GGCTTTTAGT-CATTCCCTGC; snR33 CCTCCAAACAAAACTAGTGC; snR34 CATCCCAATTCTATCGCCTCG; snR35 TGAT-GATCTCTCCGATGGAC; snR3 GCGATATCCTCGTA-CTCAAA; snR37 GAGCAAGCTCCTCATCACTC; snR38 GAGGTTACCTATTATTACCC; snR39 GGTGATAAGT-TACGACAGC; snR39b ATTTAAGTTGACAACATCGC; snR40 CCTTCATAGGACACCTGAGT; snR41 GGGTT-GTCGACATGTAGTTA; snR70 ATGAGAGTAGACGG-CGACCC; snR51 TGTAGTCATCAATTAGCCCC; snR42 CCTTTCTCTATCTCACCCTG; snR43 AAACGAGAC-GCCGTCTACGG; snR44 CATGGGATTAAATATCC-CGG; snR45: AAACCTCAGATCGCTCCGAG; snR46: ATCGTTAATTTAGGCCTCGC; snR47 TTTGTTTCCA-CCTATAAAGG; snR49 AAATGTTACACGCCTTCAAA; snR161 AGTAGTGTTATGAAATACAGCC; snR189 CGGTTGTAGAGAGGACGTTGCC; U3 CCAAGTTG-GATTCAGTGGCTC; U18 CACTCATATCGGGGGTCT-TACTTCC; U24 TTCATCAGAGATCTTGGTGATAAT; MRP GGTACCAGGTCAAGAAGCAGAATACCC; Z2 GCAAATCATTTGATGAGACG; Z3 CCTGTCACAGGC-GAAATATC; Z4 CATGAAGATCAGACATATGC; Z5 TTCACGAATGATCAGACTCG; Z6 TTTTCTAGGCC-CGCTAAAGC; Z7 ACATATACTCGTTCAGCCAG; Z8 TCTAATCACAAAAGATTCAG; Z9 AAATCATTGTG-CTCACATCG.
Oligonucleotides used for PCR ampli®cation of in vitro transcription templates: T7snr36 GCGAATTCTAA-TACGACTCACTATAGGGAGAAGATCGGAAACGAG ; snr36DS
CGGGATCCGCGGAATATGCCTGTAATTT-GG; T7snr39b GCGAATTCTAATACGACTCACTATA-GGGGGTTTTATTATTTTAGATATGC; snr39bDS CG-GGATCCGCAAGATATTTTTTTGGCCAAGC; BamT7-snr40 CGGGATCCTAATACGACTCACTATAGGGCAA-TAGCAAAGTATCG; Pstsnr40DS AAACTGCAGCC-TATACAAGCACTGTCC; T7snr43 GCGAATTCTAA-TACGACTCACTATAGGGTCATTAGCAGCACATGTC ; snr43DS CGGGATCCTTGAGACCTGAATTTGC; T7snr46 GCGAATTCTAATACGACTCACTATAGGGCACAGT-GACCACTGATACTAG; snr46DS CGGGATCCTAG-CATCCATAGCTACTTCTTGC; T7snr47 GCGAATTC-TAATACGACTCACTATAGGGCATGTAAACGCAT-GGGG; snr47DS CGGGATCCTGATTTACGTTACCGCC; T7snrZ9 GCGAATTCTAATACGACTCACTATAGG-GAAGTTAAAACAAAAGAGC; snrZ9DS CGGGATC-CATAGCTCTTTCAAATTTACG.
Oligonucleotides used for primer extension and determination of cleavage sites: Seq36 (AACCGAGC-GAGGCACAGGGC), Seq43 (CCATAATTAGAACC-CATGTCC) and Seq46 (GGCCATGTTTATGTTGGTG) were used to determine the cleavage sites within the precursors of snR36, snR43 and snR46, respectively. Oligonucleotides snR40 and Pstsnr40DS were used to determine the cleavage sites within the snR40 precursor. All the other cleavage sites were determined using the same oligonucleotides as those used for Northern blots (see above).
In vivo and in vitro RNA analysis RNA extraction, Northern blot and hybridization using oligonucleotide probes, immunoprecipitations, and primer extension using reverse transcriptase were as described (Chanfreau et al., 1998) . Whole-cell extracts were prepared from wild-type and rnt1Á sister spore strains as described (Umen & Guthrie, 1995) . Precursors of small nucleolar RNAs were obtained by in vitro transcription as described (Chanfreau & Jacquier, 1996) , using PCR products as templates. Each PCR product was obtained from genomic DNA using a forward primer carrying a T7 promoter (oligonucleotide T7snrX) and a reverse primer priming ca 100 nt downstream from the mature 3 H end of the snoRNA (snrX DS). The reverse primer also introduced a restriction site which was used to digest the PCR products at their``reverse'' end by PstI (snR40) or BamHI (snR36, 39b, 43, 46, 47, Z9) , to ensure proper transcription termination in vitro. Ampli®cation with Pfu Polymerase (Stratagene) was done from 2 mg of yeast genomic DNA (94 C for three minutes; ®ve cycles of 94 C, 30 seconds; 50 C; one minute; 72 C, ten minutes; 25 cycles of 94 C, 30 seconds; C; one minute; 72 C for ten minutes). In vitro processing in extracts or with recombinant GST-Rnt1, and mapping of the cleavage sites using primer extension with reverse transcriptase was done as described (Chanfreau et al., 1998) .
